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Introduction {#sec001}
============

Joints within the musculoskeletal system consist of a complex combination of active and passive tissues including ligaments and tendons that have specific morphometric and mechanical properties enabling force transmission and movement. Many studies have investigated early pre-natal development of ligaments and tendons \[[@pone.0219637.ref001]--[@pone.0219637.ref006]\]. In addition, the structure, function, and biochemical makeup of ligaments and tendons undergo major changes throughout both pre-natal and post-natal growth \[[@pone.0219637.ref007]--[@pone.0219637.ref011]\]. Specific changes include increasing macroscale size and mechanical stiffness and changing orientation and shape, among others. These age-related changes are influenced by a variety of stimuli including biochemical and cell signaling as well as mechanical loading \[[@pone.0219637.ref012]\].

Previous work by D'Arcy Thompson \[[@pone.0219637.ref013]\], Julian Huxley \[[@pone.0219637.ref014]\], and many others, have reported changes in the size and shape of biological tissues, resulting in the establishment of many terms and methods for classifying objects during growth \[[@pone.0219637.ref013]--[@pone.0219637.ref015]\]. In this work, we focus on the terms isometry and allometry as defined by Huxley and how they can be used to describe morphological changes in tissues during skeletal growth. The terms isometry and allometry describe changes in which the growth of a part, do or do not, match the growth of the whole, respectively \[[@pone.0219637.ref014], [@pone.0219637.ref015]\]. Further research has built on this foundation to better understand morphologic changes in the musculoskeletal soft tissues, often with a focus on differences and similarities across tissues or between species \[[@pone.0219637.ref016]--[@pone.0219637.ref018]\]. In this work, we apply these methods of characterization to different tissues with similar structure and function within a single organ.

Additional studies have investigated specific aspects of post-natal growth within a single tissue on the macroscale. For example, the lapine medial collateral ligament (MCL) experiences growth along the full length of the tissue, with larger increases close to the tibial insertion site \[[@pone.0219637.ref019]\]. Interestingly, differences in growth rate coefficients were found between the proximal bones of the hindlimb (femur) and forelimb (humerus) in the porcine model through 3 months of age but not between the distal bones of the same limbs (tibia and radius) \[[@pone.0219637.ref020]\]. The same study found that both the tibia and femur experienced more rapid change in bone area relative to bone length (allometric growth), although the same trend was not found in the humerus \[[@pone.0219637.ref020]\]. A study in human growth found that the anterior cruciate ligament (ACL) experiences linear volumetric growth up to 10 years of age, with a plateau in ACL volume during the remaining period of growth during adolescence, showing age-specific allometric growth patterns between the ACL and the body \[[@pone.0219637.ref008]\]. Together, these studies show that ligaments undergo changes in CSA and length during post-natal growth and that tissues near the same joint can undergo different patterns of growth. However, it is unknown if ligaments and tendons within a single joint undergo similar or different changes during post-natal growth.

The objective of this study was to analyze the post-natal morphometry of four soft tissues with similar structure and function in the same joint: the ACL, patellar tendon (PT), MCL, and lateral collateral ligament (LCL) of the knee joint. In order to address this objective, we utilized a well-described porcine model to serve as an analog for the human knee \[[@pone.0219637.ref021]--[@pone.0219637.ref023]\]. Magnetic resonance imaging (MRI) was performed to collect high-resolution images of joints from animals of different ages, and the macroscale size and shape of each tissue of interest was analyzed. We assessed the isometry or allometry within and between each of these tissues by comparing relative changes in tissue length and CSA over time.

Materials and methods {#sec002}
=====================

Specimen collection {#sec003}
-------------------

Hind limbs were collected post-mortem from 36 female Yorkshire cross-breed pigs from birth to 18 months of age (n = 6/age group, total n = 36). Specific age groups and estimated human equivalent age were 0 months (newborn), 1.5 months (early juvenile), 3 months (late juvenile), 4.5 months (early adolescent), 6 months (adolescent), and 18 months (late adolescent). Human age equivalencies were based on a combination of skeletal and sexual age scales in both species \[[@pone.0219637.ref024]\]. The animals used in this study were obtained from a university owned herd, and all animals were healthy and of normal size. Swine were housed in barns with food and water provided according to the management practices outlined in the Guide for the Care and Use of Agricultural Animals in Teaching and Research and their use in the current experimental protocols were approved by the N.C.S.U. Institutional Animal Care and Use Committee \[[@pone.0219637.ref025]\]. Animals were euthanized by trained personnel in a manner consistent with the AVMA Guidelines for the Euthanasia of Animals \[[@pone.0219637.ref026]\]. Hind limbs were dissected to the stifle (knee) joint and wrapped in saline-soaked gauze prior to storage at -20°C until further testing.

Magnetic resonance imaging {#sec004}
--------------------------

Limbs were allowed to thaw at room temperature prior to imaging. All limbs were imaged while constrained to full extension (\~40° of flexion in the pig) using MRI scanners at the Biomedical Research Imaging Center (BRIC) at the University of North Carolina--Chapel Hill. Due to the small size of the newborn hind limbs and the need for smaller voxel sizes than available on the primary 7.0T scanner, imaging for this group was performed using a 9.4-Tesla Bruker BioSpec 94/30 USR machine (Bruker BioSpin Corp, Billerica, MA) with a 3D fast low angle shot scan sequence (3D-FLASH, flip angle: 10°, TR: 38 ms, TE: 4.42 ms, acquisition time: 13 hours 18 minutes, FOV: 30 x 30 x 30 mm) using a 35 mm volume coil and isotropic voxels of 0.1 x 0.1 x 0.1 mm with no gap between slices. Limbs from the older age groups (1.5 to 18 months) were imaged using a 7.0-Tesla Siemens Magnetom machine (Siemens Healthineers, Erlangen, Germany) with a double echo steady state (DESS, flip angle: 25°, TR: 17 ms, TE: 6 ms, acquisition time: 24 minutes, FOV: 123 x 187 x 102 mm) using a 28 channel knee coil (Siemens Healthineers) and voxels of 0.42 x 0.42 x 0.4 mm with no gap between slices.

Image post-processing {#sec005}
---------------------

Image sequences were imported into commercial software (Simpleware 7.0, Synopsys, Chantilly, VA) and 3-dimensional (3D) models were generated for each tissue of interest (ACL, PT, MCL, LCL) ([Fig 1](#pone.0219637.g001){ref-type="fig"}). All models and measurements were generated and performed by a single author (SC), and repeatability for this process for these ligaments and tendons has been established to be highly repeatable, with intrauser correlation tests resulting in data fitting with R^2^ values of 0.97--0.98 and interuser correlation tests resulting in data fitting with R^2^ values of 0.84--0.99 across parameters. Models were refined using the "close" and "discrete Gaussian" filters and were exported from the software as .stl files. Models were translated into point clouds, which were then analyzed in a custom Matlab code. Comparison studies of the 3D reconstructions of *in situ* menisci calculated from these MRI scans to a gold-standard surface reconstruction based on 3D laser scans (FARO Edge ScanArm ES, Lake Mary, FL) indicated a root mean square error (RMSE) of 0.57±0.1mm for points along the object surfaces and an RMSE of 0.66±0.2mm for the centroid points of menisci. Any primary sources of error translating from MRI-based measurements to physical tissue morphometries should be systemic, resulting in little impact on our comparisons between age groups. Length was defined as the magnitude of the vector between the centroids of the femoral and tibial insertion sites (ACL, MCL, LCL) or the patellar and tibial insertion sites (PT). Centroids were defined as the geometric center of the points surrounding the insertion of the soft-tissue into the bone. Length measurements were complicated by insertion sites that have a substantial directional component parallel to the length of the ligament or tendon. This included the insertions of the MCL, LCL, and the tibial insertion of the PT, and some insertion sites extended beyond the field of view of the MRI scans for larger specimens. As such, the location of these insertion sites were measured at the edge of the insertion most proximal to the joint center since this landmark could be consistently identified in all specimens. The insertion was determined as the centroid of points collected around the tissue at this location along the tissue length. To compare across tissues within specific ages, values for length were normalized to the average value at 18 months for each tissue. For example, at birth, the average ACL length was 25% of the average ACL length at 18 months. Furthermore, to avoid variability caused by the changing CSA near the bony insertions, our CSA analysis was restricted to the midsubstance of the tissues. Specifically, the CSA was measured from the central 50% (midsubstance) of the ligament or tendon by rotating the model of the tissue onto the longitudinal axis, dividing the model into slices at a 0.1 mm increments along the z-axis, measuring the area of each slice, and averaging the values within the central 50% along the length to collect a single value for each tissue. Values for CSA were also normalized to the average 18 month value for each tissue.

![3D models were created for tissues such as the anterior cruciate ligament (ACL) using MRI scans and segmentations of individual tissues.\
Images shown for newborn (0 month), early adolescent (4.5 month), and late adolescent (18 month) joints, scale bars are 10 mm. Length and cross-sectional area (CSA) calculation methods described for an ACL.](pone.0219637.g001){#pone.0219637.g001}

Analysis of growth {#sec006}
------------------

Data were analyzed for each parameter (length and CSA) of each tissue (ACL, PT, MCL, and LCL) with comparisons performed between tissues and between parameters using data from all age groups. In order to account for non-linear tissue growth characteristics, log-log plots (log~10~) were created comparing experimental data to isometric slopes listed in [Fig 2](#pone.0219637.g002){ref-type="fig"}. This process was done for both intra-tissue comparisons (CSA versus length) and inter-tissue comparisons (ACL versus PT, ACL versus MCL, ACL versus LCL, PT versus MCL, PT versus LCL, MCL versus LCL) for each geometric parameter. Isometric slopes of 1 (length vs length, CSA vs CSA) or 2 (CSA vs length) were used to account for differences in dimensions between mm and mm^2^ \[[@pone.0219637.ref017]\]. Linear regressions were performed for each plot and the slope and R^2^ value were recorded.

![Allometric growth within or between tissues can be assessed by plotting data on a log-log graph (A) and comparing to the slope of an isometric line. Isometric slopes are listed for all possible combinations of CSA and length (B).](pone.0219637.g002){#pone.0219637.g002}

Statistical analysis {#sec007}
--------------------

For comparisons between tissues, normalization of tissue size was performed by dividing the data for each geometric parameter by its respective average 18 month value for each tissue. Normality of data sets was confirmed in JMP (JMP Pro 13, SAS Institute Inc., Cary, NC). Statistical analysis of each geometric parameter consisted of a two-way ANOVA with age and tissue type as major effects and a Bonferroni method to adjust for multiplicity and significance set at p≤0.05 (JMP Pro 13, SAS Institute Inc., Cary, NC). For these analyses, tissue type was considered a within-subject variable while age was considered a between-subject variable. Analysis of the log-log plots was accomplished by comparing the slope of the linear regression to the appropriate isometric value by an F-test by using the test statement in PROC REG Procedure (SAS 9.4, SAS Institute Inc., Cary, NC). The adjusted significance level for F-test comparisons was set at p≤0.001. Throughout the results section, data are presented as mean ± standard deviation, and 95% confidence intervals are available in the Supplemental Material.

Results {#sec008}
=======

Changes in size during post-natal growth {#sec009}
----------------------------------------

All of the ligaments and tendons of interest experienced significant growth in both length ([S1 Table](#pone.0219637.s001){ref-type="supplementary-material"}) and CSA ([S2 Table](#pone.0219637.s002){ref-type="supplementary-material"}) between birth and late adolescence (18 months) in this study ([Fig 3](#pone.0219637.g003){ref-type="fig"}). Increasing age resulted in significant growth in all four tissues of interest (p\<0.05). Specifically, the length of the ACL increased 4-fold from an average of 9 ± 1 mm to 35 ± 2 mm from birth through late adolescence ([Fig 3A](#pone.0219637.g003){ref-type="fig"}). Simultaneously, the average length of the PT increased by 5-fold from 14 ± 1 mm to 74 ± 9 mm. The length of the MCL and the LCL also increased by 5-fold ([Fig 3A](#pone.0219637.g003){ref-type="fig"}). CSA increases varied across the tissue types. In the ACL, the average CSA increased 10-fold from 6 ± 1 mm^2^ to 57 ± 9 mm^2^ between birth and late adolescence ([Fig 3B](#pone.0219637.g003){ref-type="fig"}). This increase occurred alongside 24-fold (PT), 23-fold (MCL), and 16-fold (LCL) increases in the other ligaments and tendon types ([Fig 3B](#pone.0219637.g003){ref-type="fig"}). The most rapid periods of growth occurred during the juvenile and early adolescent phases (statistically significant increases between consecutive age groups are highlighted in [Fig 3](#pone.0219637.g003){ref-type="fig"} (p\<0.05)).

![Length (A) and CSA (B) increase several fold in the ACL, PT, MCL, and LCL from birth through skeletal maturity. Data for individual specimens are presented as points while mean and 95% confidence intervals are represented by dashes and lines. Bars represent significant differences between consecutive age groups (p\<0.05).](pone.0219637.g003){#pone.0219637.g003}

Similar length values were obtained at birth for the PT, MCL, and LCL (19%, 20%, and 22%, respectively) ([Fig 4](#pone.0219637.g004){ref-type="fig"}, [S3 Table](#pone.0219637.s003){ref-type="supplementary-material"}). Across all ages, these average changes in normalized tissue length were only statistically significant between the ACL and the PT, MCL, and LCL at 1.5 months of age, the ACL and the MCL at 3 months of age, and the PT and the LCL at 6 months of age (p\<0.05).

![Tissue length data compared across tissues at each age normalized to the late adolescent group.\
Data for individual specimens are presented as points while mean and 95% confidence intervals are represented by dashes and lines. \* denotes p\<0.05 from ACL, + denotes p\<0.05 from PT.](pone.0219637.g004){#pone.0219637.g004}

At birth, major differences in the normalized CSA of the tissues were observed ([Fig 5](#pone.0219637.g005){ref-type="fig"}, [S4 Table](#pone.0219637.s004){ref-type="supplementary-material"}). Interestingly, the newborn ACL CSA was only 10% of the average 18 month group value. This normalized CSA value was much higher compared to the other tissues of interest, as the CSA values of the PT, MCL, and LCL were 4%, 4%, and 5%, respectively (p\<0.05 vs the ACL, [Fig 5](#pone.0219637.g005){ref-type="fig"}). The ACL also had a significantly greater normalized CSA values at 0 and 3 months compared to the other three tissues, and compared to the PT at 4.5 months of age (p\<0.05). No significant differences were found between the tissues during adolescence (6 and 18 months, p\>0.05).

![Tissue CSA data compared across tissues at each age normalized to the late adolescent group.\
CSA is significantly greater in the ACL compared to the other tissues (p\<0.05) at ages including 0, 3, and 4.5 months. Data for individual specimens are presented as points while mean and 95% confidence intervals are represented by dashes and lines. \* denotes p\<0.05 from ACL.](pone.0219637.g005){#pone.0219637.g005}

Intra-tissue growth behavior {#sec010}
----------------------------

Statistical analyses of log-log plots between morphometric parameters (length and CSA) for each tissue (ACL, PT, MCL, LCL) revealed differences in the modality of growth for each tissue ([Fig 6](#pone.0219637.g006){ref-type="fig"}). The slope of best fit line for the CSA versus length plot of the ACL was 1.54, which was significantly different from the isometric slope of 2 (p\<0.001) and favored allometric increases in length over increases in CSA. The slope of the CSA versus length plot for the PT was 1.85, which was not significantly different from the isometric slope (p = 0.25). Similarly, the slope of the MCL CSA versus length plot (1.84) did not differ from the isometric slope (p = 0.08). However, the slope of the LCL CSA versus length plot (1.72) was significantly different from that of an isometric slope (p = 0.002) and favored greater length change over CSA change.

![Assessment of allometric growth within each tissue.\
Comparisons of CSA and length for the ACL and LCL reveal allometric growth whereas the PT and MCL exhibit isometric growth. In these plots, the dashed line represents the line of isometry while the solid line represents the line of best fit for the data (R^2^ values provided, p\<0.05 denote statistical difference from isometric line, slopes denote standard and best fit lines).](pone.0219637.g006){#pone.0219637.g006}

Inter-tissue differences in growth {#sec011}
----------------------------------

Similar analyses were performed to compare log-log plots of morphologic growth across the four tissues of interest in the joint, with varied results depending on the parameter of interest ([Fig 7](#pone.0219637.g007){ref-type="fig"}). In terms of length, changes favored growth in the PT, MCL, and LCL over the ACL. Specifically, the slopes of the plots for the ACL relative to these tissues were 0.88 (p = 0.010), 0.82 (p\<0.001), and 0.88 (p = 0.006), respectively. Length changes were not statistically different from an isometric slope in the PT versus MCL (slope = 1.02, p = 0.52), PT versus LCL (slope = 0.97, p = 0.39), or MCL versus LCL (slope = 1.03, p = 0.04) plots.

![Comparisons of tissue length reveal differing rates of growth between the tissues.\
In these plots, the dashed line represents the line of isometry while the solid line represents the line of best fit for the data points (R^2^ values provided, p\<0.05 denote statistical difference from isometric line, slopes denote standard and best fit lines).](pone.0219637.g007){#pone.0219637.g007}

Comparisons of the slopes of log-log plots for CSA growth revealed some similar changes ([Fig 8](#pone.0219637.g008){ref-type="fig"}). The ACL exhibited allometric behavior relative to all three of the other tissues with a slope of 0.68 versus the PT (p\<0.001), 0.69 versus the MCL (p\<0.001), and 0.78 versus the LCL (p\<0.001). In all three of these cases, changes in CSA were greater for the MCL, LCL and PT relative to the ACL. CSA changes were not statistically different from an isometric slope in plots comparing the PT versus MCL (slope = 0.96, p = 0.11), PT versus LCL (slope = 0.85, p = 0.75), or the MCL versus LCL (slope = 1.10, p = 0.08) plots.

![Comparisons of tissue CSA show differing rates of growth between tissues, specifically between the ACL and the other three.\
In these plots, the dashed line represents the mathematical line of isometry while the solid line represents the line of best fit for the data points (R^2^ values provided, p\<0.05 denote statistical difference from isometric line, slopes denote standard and best fit lines).](pone.0219637.g008){#pone.0219637.g008}

Discussion {#sec012}
==========

While previous studies have investigated growth across body segments, this work was performed to highlight differences in growth in tissues with similar structure in a single joint \[[@pone.0219637.ref017], [@pone.0219637.ref020], [@pone.0219637.ref024], [@pone.0219637.ref027], [@pone.0219637.ref028]\]. Here we presented data showing that all three ligaments and the patellar tendon studied in the knee joint increased markedly in size during growth. These changes included 4- to 5-fold increases in tissue lengths from birth through skeletal maturity alongside 10- to 20-fold increases in tissue CSA. However, changes in shape varied between tissues. Specifically, the ACL and LCL experienced allometric growth whereas the MCL and PT grew in an isometric manner. Additionally, while the increases in tissue length were similar across the tissues of interest, CSA changes varied between tissues as the percent change in ACL CSA was lower than in the other tissues.

The age-related size increases observed in our study match more limited data in the literature. Additionally, the 2-fold changes we found from juvenile to skeletally mature groups in MCL CSA between were similar in scale to those previously reported during the same time frame in a study of rabbit MCL size \[[@pone.0219637.ref029]\]. Related studies also reported more rapid growth in MCL CSA during the juvenile and early adolescent stages relative to later stages of growth, and our study reflected these findings as well \[[@pone.0219637.ref030]\]. In another study in rabbits, MCL length increased by approximately one third to one half during a 10-week period of juvenile growth \[[@pone.0219637.ref019]\]. Similarly, our findings suggested that the porcine MCL increased by just under one half of its length during a similar time frame. Our data build on these prior reports while allowing direct comparisons between tissues at a wider range of ages.

Our findings regarding the growth of the ACL suggest that there are age-specific changes in the geometric proportions of the tissue throughout skeletal growth in the pig model, and that the growth of the ACL does not parallel growth in the other tissues. Similarly, previous studies have shown that the CSA of the human ACL increases in size up to 10--12 years of age but halts in growth prior to the end of overall skeletal growth \[[@pone.0219637.ref008], [@pone.0219637.ref031]\]. Additional studies comparing the growth of the human ACL to muscles surrounding the knee have shown more rapid growth in the ACL halting prior to the end of muscle growth \[[@pone.0219637.ref032]\]. Our findings agree with these results demonstrating the allometric growth of the ACL relative to other tissues, while our findings add a more robust look into the timing of ACL growth in a relevant pre-clinical large animal model.

In order to extend these findings to the study of human growth, similar data should be analyzed in human subjects. MRI techniques have been previously employed to study the growth of musculoskeletal tissues in human populations, and some of the benefits and limitations of this approach have been described previously. MRI was used to study growth in the pediatric shoulder, where the ability to study changes in bone and soft tissues simultaneously was highlighted \[[@pone.0219637.ref033]\]. An additional MRI study reported age-related patterns in ligament anatomy including one reporting on the location of the femoral insertions of the collateral ligaments relative to the femoral growth plate \[[@pone.0219637.ref034]\]. Building on works such as these and the techniques described in our study, there is an opportunity to build on our understanding of ligament and tendon growth in human populations.

Our study also relates to previous work in the porcine model focused on growth and morphometric changes of bones, while adding data regarding several soft tissues in the knee. Other groups have reported age-related changes in the growth of long bones in the hind- and fore-limbs where they found differences in CSA and length change in the bones of the hind-limb, and variations in growth coefficients between the bones of the hind-limb versus the fore-limb \[[@pone.0219637.ref020]\]. Our findings agreed with this work suggesting that musculoskeletal tissues can undergo shape changes during growth and may occur on altered timelines relative to similar tissues. Furthermore, the porcine model has been used to study tissue mechanics during growth specifically for bone and cartilage \[[@pone.0219637.ref035]--[@pone.0219637.ref037]\]. Thus, the porcine model may also be a valuable tool to study ligament and tendon mechanics during growth.

The findings reported here can aide in designing clinical treatments for injured ligaments and tendons. For example, when developing reconstruction treatments for the ACL in growing patients, clinicians may need to be cognizant of age-specific morphology and remaining growth in the knee. The PT is a common graft for the ACL \[[@pone.0219637.ref038]\]; however, if the PT grows at different rates during the healing process or experiences different changes in shape this may not be as appropriate for certain age groups. In order to implement these findings in clinical treatments for human populations, this study should be repeated in a human population to confirm whether or not these findings are species-specific. Given the non-invasive nature of MRI studies, repeating this work with a wide range of ages during growth in a human cohort may reveal interesting differences in the relative size and shape of ligaments and tendons between species and age groups, as well as any interaction between these factors.

Furthermore, findings reported in this work specifically regarding allometric changes in the morphometry of the ACL near the onset of adolescence may be related to a growing clinical demographic of ACL injuries. Rates of ACL tears and subsequent reconstruction procedures have been rapidly increasing in skeletally immature patients over recent years, with some of the most rapid growth in injury incidence occurring in patients between 10--13 years of age \[[@pone.0219637.ref039], [@pone.0219637.ref040]\]. Unfortunately, these patients have relatively poor outcomes from ACL reconstruction, with much higher secondary ACL tear incidence rates compared to adult patients undergoing the same reconstruction treatments \[[@pone.0219637.ref041]--[@pone.0219637.ref045]\]. Improving our understanding of the age-specific size and shape of the ACL and how these parameters change with time may enable clinicians to tailor graft selection and reconstruction techniques to improve long-term outcomes in this young patient demographic.

These data also have implications in basic science research of ligaments and tendons. If developing a biomechanical model of the joint during growth, a single scaling factor cannot be applied across tissues within a single joint to create age-specific designs. Any biomechanical model of the knee should consider the corresponding relationships between length and CSA that are unique to a target age group. While outside of the scope of this project, analysis of the regional biomechanical function of these tendons and ligaments throughout growth may improve our understanding of the mechanisms and implications of these morphometric changes. When considering the consequences of these findings on the field of tissue engineering and applications for ligaments and tendons, tissue-specific growth should be taken into consideration when designing tissue engineered constructs for skeletally immature patients. The study of tissue-specific changes during growth could be applied to other species and tissues. This may reveal significant differences in tissue growth in precocial and altricial species, bipedal and quadrupedal species, and across upper and lower limbs within bipedal species.

Moving forward, we plan to replicate this study in male animals in order to investigate the sex-specific changes in soft tissue morphology within the knee. Previous studies showing significant differences in injury patterns between young male and female athletes suggest that the onset of adolescence leads to a disparity in ACL behavior between the sexes \[[@pone.0219637.ref046]\], and this future work may elucidate the impact of structural changes on these differences. In combination with findings on the specific tissue composition and effects of altered mechanical loading on soft tissue morphogenesis, the porcine model can be used to isolate the underlying mechanisms which inform soft tissue growth in post-natal development. Furthermore, we hope to analyze the biochemical composition of these tissues throughout growth to better understand the underlying changes during growth.

Limitations of this study include the cross-sectional experimental design, as all morphological changes between ages are based on data from separate animals. Future work using a longitudinal study design may be able to expand on the power of this work by eliminating inter-specimen variation. An additional consideration is that these findings may be breed specific within the porcine species. As such, it may be informative to repeat these measurements in other common porcine models, such as the Yucatan minipig. The use of two scanning systems (7.0T MRI and 9.4T MRI) may have resulted in some differences in the accuracy of direct comparisons between tissues from 0-month specimens and all other groups. Unfortunately, due to the small size of some tissues in the 0-month limbs (dimensions less than 7.0T voxel size) and the small bore size of the 9.4T scanner (less than the dimension of the 1.5-month joints) we were unable to perform a direct comparison of images taken from the tissues of interest across these scanners. Further limitations were introduced by the methodology for length calculations. Specifically, since the geometry of the insertion sites for the ligaments and tendons are complex (and partially out of the field of view in some cases), our length measurements were constrained to the midsubstance of the tissues. Additionally, the CSA measurements for each tissue were gathered from the midsubstance and were averaged across the tissue. Thus, our measurements represent generalized metrics of the tissue substance. Quantification of region-specific variations in size during growth would be an interesting area for exploration.

While previous work has shown growth gradients across full limbs or body segments, this has shown that similar tissues within a single joint can grow at different rates. Our findings support previous literature suggesting that age-related morphometry changes vary between tissues in the body, while increasing our understanding of this phenomenon within comparisons between tissues within a single organ. This data has many potential implications in understanding musculoskeletal growth, human clinical applications, and emerging tissue engineering and regenerative medicine therapies.
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**Comments to the Author**

1\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

2\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: This is an interesting topic and important work for the field of pediatrics and orthopedics.

The second paragraph in the introduction reads a bit abstract. For example, the \"pioneering work by D\'Arcy Thompson\" can be revised, as the comparisons made in the present paper are measurements of iso/allometric scaling, which was pioneered by Huxley. (e.g., citation for definitions of isometry/allometry should be: \"Terminology of Relative Growth.\" J. S. Huxley & G. Teissier, Nature 137: 780--781 (1936)). The Thompson citation (12) also needs revising because of typos.

How might the resolution differences between the 7.0T and 9.4T MRI scanner influence the quantitative outcomes for length/CSA? Validation comparisons of one time point (e.g., 1.5mo or younger) scanned using both 7.0T and 9.4T or discussion here would be helpful to explain potential variations.

What variations in animal size (weight) were found and how might this be related to iso/allometric changes in ligament size and length?

The rapid change in size/length that occurs from 1.5 to 3mo (e.g., ACL CSA) is interesting; do the tissue properties change during growth and could this influence the quantification of ligament size/length using MR? What methods were used to confirm that the MR images were accurately representing the growth of the soft tissues (e.g., dissection and measurement using calipers; assumptions based on morphology/imaging, etc)?

Reviewer \#2: Summary:

The purpose of this work was to characterize temporal and tissue-specific (allometric vs. isometric) changes in porcine ACL, MCL, LCL, and PT between 0-18 months of age in a cross-sectional study design. Tissues were segmented from MR images, and 3D mesh models were constructed. Tissue length and mid-substance cross-sectional area (CSA) were determined from the segmentation models. Ligament and PT growth was generally allometric with greater elongation than increases in CSA; this trend was most evident in ACL growth. The most rapid growth occurred from 1.5-4.5 months of age. The authors propose that this knowledge, when coupled with age-specific investigations of biochemical and mechanical tissue properties, have broad applicability to the fields of tissue engineering, computational modeling, regenerative medicine, and surgical reconstruction.

General Comments:

This was a concise study with particular relevance to the porcine ACL model. The manuscript and figures were clear, save for a few areas suggested under the "Specific Comments", below.

One area of relevance of this work that could be better emphasized and discussed is the clinical relevance of high rate of ACL rupture during late adolescence. It would seem that the allometric changes were most dramatic in the ACL compared to the other extra-articular tissues examined. Could the authors speculate in the Discussion (along with any supporting evidence) why this may be, and whether they think it has any relevance to ACL injury risk? That is, dig in to the details of the statements in the paragraph spanning lines 360-370. This shift in emphasis relates most directly to the results presented, and would make the discussion on the implications of the results to other tissues, joints, and species secondary to the actual data presented.

Although the final data are convincing, it would be valuable to state whether all segmentations were performed by a single segmenter, and what the reproducibility of the masks (or model generation) was. That is, how good was intra- and/or inter-segmenter agreement?

A general comment on the Results: a measure of data spread (either the standard deviation or 95% confidence intervals) should accompany the reporting of average values (e.g., average values throughout the first paragraph of ther Results).

Review the formatting of the References -- there are a few typos in the numbering.

Specific Comments:

Line 43: Suggest revising to "...morphometric and mechanical properties enabling force transmission and movement." since ligaments and tendons do not generate force, per se -- muscles do.

Line 50: The sentence ending with "... as well as mechanical loading." requires a reference.

Line 51: The first statement in the sentence on this line requires a reference: "Pioneering work by D'Arcy Thompson (12) and many others (ref(s)),..."

Lines 54-55: Suggest revising to "...and "allometry" describe changes in which the growth of a part do, or do not, match the growth..."

Specimen collection Lines 88-100: if known, please add the average mass +/- standard deviation of the animals comprising each age group.

Line 153: I assume that the log transformations on the data were done to account for the non-linear growth characteristics, but the rationale should be stated explicitly.

Line 154: The application of "established" here makes me think that the experimental data are being compared to data "established" in the literature, but I'm not sure that's the intent -- I think the authors are referring to the empirical slopes described in Figure 2B (?).

Related to the point above, it's unclear where the isometric slope of 2 is derived from for the isometric slope of Length vs CSA. By definition, a slope of two is not isometric (i.e. not 1). Please provide a clearer explanation in the Methods.

Moving Lines 199-202 and 213-214 from the Results to the Statistical analysis section of the Methods would provide a clearer rationale and thorough explanation of the normalization step.

Line 282: Suggest revising statement to "... presented data that all three ligaments and the patellar tendon studied..." since data on the PCL were not presented, and only a single tendon was studied. Also, was there a rationale for not including the PCL in the analyses?

Lines 290-291: This opening sentence requires citations.

Lines 389-390: Suggest removing the "...comparisons between body segments and multiple joints" from the key conclusion statement since the study did not present these data.

\*\*\*\*\*\*\*\*\*\*

6\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: No

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.
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Reviewer \#1:

This is an interesting topic and important work for the field of pediatrics and orthopedics.

We thank the reviewer for their kind words, and appreciate the feedback below.

The second paragraph in the introduction reads a bit abstract. For example, the \"pioneering work by D\'Arcy Thompson\" can be revised, as the comparisons made in the present paper are measurements of iso/allometric scaling, which was pioneered by Huxley. (e.g., citation for definitions of isometry/allometry should be: \"Terminology of Relative Growth.\" J. S. Huxley & G. Teissier, Nature 137: 780--781 (1936)). The Thompson citation (12) also needs revising because of typos.

We have revised the Thompson citation and adjusted the second paragraph as suggested, with the primary revisions reading as follows (Page 3, Lines 51-55):

"Previous work by D'Arcy Thompson (13), Julian Huxley (14), and many others, have reported changes in the size and shape of biological tissues, resulting in the establishment of many terms and methods for classifying objects during growth. In this work, we focus on the terms isometry and allometry as defined by Huxley and how they can be used to describe morphological changes in tissues during skeletal growth. The terms isometry and allometry describe changes in which the growth of a part, do or do not, match the growth of the whole, respectively (13-15)."

How might the resolution differences between the 7.0T and 9.4T MRI scanner influence the quantitative outcomes for length/CSA? Validation comparisons of one time point (e.g., 1.5mo or younger) scanned using both 7.0T and 9.4T or discussion here would be helpful to explain potential variations.

Unfortunately we are unable to scan any joints from 1.5 months or older using the 9.4T methods (due to bore size) and some features of the 0 month joints would not be detectable following the 7T methods (ligaments with thicknesses of \<2 voxels at the 7T resolution). Although we are not able to add experimental comparisons of the two methods, we have adapted the limitations section of the discussion to better address this issue. Text additions as follows (Page 19, Lines 430-436):

"The use of two scanning systems (7.0T MRI and 9.4T MRI) may have resulted in some differences in the accuracy of direct comparisons between tissues from 0-month specimens and all other groups. Unfortunately, due to the small size of some tissues in the 0-month limbs (dimensions less than 7.0T voxel size) and the small bore size of the 9.4T scanner (less than the dimension of the 1.5-month joints) we were unable to perform a direct comparison of images taken from the tissues of interest across these scanners."

What variations in animal size (weight) were found and how might this be related to iso/allometric changes in ligament size and length?

Animal weight was not available for this cohort due to limitations at site of animal housing, although it would be an interesting metric to consider in future studies. Given the rapid growth of these animals, it is unlikely that variations in size would impact conclusions drawn between age groups.

The rapid change in size/length that occurs from 1.5 to 3mo (e.g., ACL CSA) is interesting; do the tissue properties change during growth and could this influence the quantification of ligament size/length using MR? What methods were used to confirm that the MR images were accurately representing the growth of the soft tissues (e.g., dissection and measurement using calipers; assumptions based on morphology/imaging, etc)?

Although changes in tissue properties may influence the intensity values associated with images at different ages, the process described in this manuscript only relies on the ability to distinguish the ligament tissue relative to surrounding tissues, which was clear at all ages. This being said, our group has previously assessed the accuracy of soft tissue shape in the juvenile porcine joint following the same 7T imaging and image processing methods described in this work by comparing to laser scan data of the same tissues. This represents small tissues at our lowest resolution. These comparisons were limited to tissues which hold their shape ex vivo, so this was done for the knee meniscus. We did not perform the study on ligament or tendon tissue which would deform substantially once the joint environment was disturbed. Nevertheless, we found that our MRI reconstructions resulted in similar geometries as the laser scans with root mean square error values of 0.6±0.1mm for overall surface points between methods. This is on the order of 1-2 voxels for our 7T scans. For our smallest ligament dimensions via 7T MRI in the current study were 20 and 27 voxels for CSA and length, respectively. Thus, we would expect the upper bound of the error of our measurements to be \~10% error, and for most larger specimens, we would expect the error to be much lower. Text reflecting these measurements has been added as follows (Page 7, Lines 139-145):

"Comparison studies of the 3D reconstructions of in situ menisci calculated from these MRI scans to a gold-standard surface reconstruction based on 3D laser scans (FARO Edge ScanArm ES, Lake Mary, FL) indicated a root mean square error (RMSE) of 0.57±0.1mm for points along the object surfaces and an RMSE of 0.66±0.2mm for the centroid points of menisci. Any primary sources of error translating from MRI-based measurements to physical tissue morphometries should be systemic, resulting in little impact on our comparisons between age groups."

Reviewer \#2

Summary: The purpose of this work was to characterize temporal and tissue-specific (allometric vs. isometric) changes in porcine ACL, MCL, LCL, and PT between 0-18 months of age in a cross-sectional study design. Tissues were segmented from MR images, and 3D mesh models were constructed. Tissue length and mid-substance cross-sectional area (CSA) were determined from the segmentation models. Ligament and PT growth was generally allometric with greater elongation than increases in CSA; this trend was most evident in ACL growth. The most rapid growth occurred from 1.5-4.5 months of age. The authors propose that this knowledge, when coupled with age-specific investigations of biochemical and mechanical tissue properties, have broad applicability to the fields of tissue engineering, computational modeling, regenerative medicine, and surgical reconstruction.

General Comments:

This was a concise study with particular relevance to the porcine ACL model. The manuscript and figures were clear, save for a few areas suggested under the "Specific Comments", below.

Thank you for these comments and your helpful suggestions below, we have updated the manuscript accordingly.

One area of relevance of this work that could be better emphasized and discussed is the clinical relevance of high rate of ACL rupture during late adolescence. It would seem that the allometric changes were most dramatic in the ACL compared to the other extra-articular tissues examined. Could the authors speculate in the Discussion (along with any supporting evidence) why this may be, and whether they think it has any relevance to ACL injury risk? That is, dig in to the details of the statements in the paragraph spanning lines 360-370. This shift in emphasis relates most directly to the results presented, and would make the discussion on the implications of the results to other tissues, joints, and species secondary to the actual data presented.

Thank you for bringing this up. The changes in the ACL certainly could have implications in this important clinical problem, and we have incorporated further discussion of the topic in the suggested section of the manuscript (Page 17, Lines 387-397):

Furthermore, findings reported in this work specifically regarding allometric changes in the morphometry of the ACL near the onset of adolescence may be related to a growing clinical demographic of ACL injuries. Rates of ACL tears and subsequent reconstruction procedures have been rapidly increasing in skeletally immature patients over recent years, with some of the most rapid growth in injury incidence occurring in patients between 10-13 years of age (39, 40). Unfortunately, these patients have relatively poor outcomes from ACL reconstruction, with much higher secondary ACL tear incidence rates compared to adult patients undergoing the same reconstruction treatments (41-45). Improving our understanding of the age- specific size and shape of the ACL and how these parameters change with time may enable clinicians to tailor graft selection and reconstruction techniques to improve long-term outcomes in this young patient demographic.

Although the final data are convincing, it would be valuable to state whether all segmentations were performed by a single segmenter, and what the reproducibility of the masks (or model generation) was. That is, how good was intra- and/or inter-segmenter agreement?

We have added the suggested information to the methods section as follows (Pages 6-7, Lines 132-136):

"All models and measurements were generated and performed by a single author (SC), and repeatability for this process for these ligaments and tendons has been established to be highly repeatable, with intrauser correlation tests resulting in data fitting with R2 values of 0.97-0.98 and interuser correlation tests resulting in data fitting with R2 values of 0.84-0.99 across parameters."

A general comment on the Results: a measure of data spread (either the standard deviation or 95% confidence intervals) should accompany the reporting of average values (e.g., average values throughout the first paragraph of their Results).

Thank you for pointing this out, we have added standard deviations throughout the results section, and highlighted that the 95% confidence intervals are available in supplemental information (Pages 9-10, Lines 207-209):

"Throughout the results section, data are presented as mean ± standard deviation, and 95% confidence intervals are available in the Supplemental Material."

Review the formatting of the References -- there are a few typos in the numbering.

We have updated the references to account for these issues.

Specific Comments:

Line 43: Suggest revising to "...morphometric and mechanical properties enabling force transmission and movement." since ligaments and tendons do not generate force, per se -- muscles do.

Text has been edited as follows (Page 3, Line 43):

"\...morphometric and mechanical properties enabling force transmission and movement."

Line 50: The sentence ending with "... as well as mechanical loading." requires a reference.

Reference added as follows (Page 3, Line 50):

"\...stimuli including biochemical and cell signaling as well as mechanical loading (12)."

Line 51: The first statement in the sentence on this line requires a reference: "Pioneering work by D'Arcy Thompson (12) and many others (ref(s)),..."

Reference added as follows (Page 3, Line 53):

"\...classifying objects during growth (13-15)."

Lines 54-55: Suggest revising to "...and "allometry" describe changes in which the growth of a part do, or do not, match the growth..."

Text has been edited as follows (Page 3, Line 56):

"\...and "allometry" describe changes in which the growth of a part, do or do not, match the growth\..."

Specimen collection Lines 88-100: if known, please add the average mass +/- standard deviation of the animals comprising each age group.

Unfortunately, animal weight is not available for this study, please see the response to Comment 3 from Reviewer 1.

Line 153: I assume that the log transformations on the data were done to account for the non-linear growth characteristics, but the rationale should be stated explicitly.

We have added explanations of the rationale to the methods section at the first mention of log transformations as follows (Page 8, Lines 179-180):

"In order to account for non-linear tissue growth characteristics, log-log plots (log10) were created\..."

Line 154: The application of "established" here makes me think that the experimental data are being compared to data "established" in the literature, but I'm not sure that's the intent -- I think the authors are referring to the empirical slopes described in Figure 2B (?).

This wording has been updated to exclude the term "established" for clarity (Page 8, Line 180):

"\...comparing experimental data to established isometric slopes\..."

Related to the point above, it's unclear where the isometric slope of 2 is derived from for the isometric slope of Length vs CSA. By definition, a slope of two is not isometric (i.e. not 1). Please provide a clearer explanation in the Methods.

Additional text has been added clarifying that a slope of two represents isometric growth (as it is comparing the log of a mm\^2 value to the log of a mm\^1 value) instead of being a direct isometric slope (which would be 1). This relationship is commonly leveraged in bone growth studies to compare between parameters with different dimensions (Page 9, Lines 186-188):

"Isometric slopes of 1 (length vs length, CSA vs CSA) or 2 (CSA vs length) were used to account for differences in dimensions between mm and mm2 (17)."

Moving Lines 199-202 and 213-214 from the Results to the Statistical analysis section of the Methods would provide a clearer rationale and thorough explanation of the normalization step.

We have moved the suggested text (shown below) to the methods section as advised (Page 7-8, Lines 156-161, 167-168):

"To compare across tissues within specific ages, values for length were normalized to the average value at 18 months for each tissue. For example, at birth, the average ACL length was 25% of the average ACL length at 18 months\...Values for CSA were also normalized to the average 18 month value for each tissue."

Line 282: Suggest revising statement to "... presented data that all three ligaments and the patellar tendon studied..." since data on the PCL were not presented, and only a single tendon was studied. Also, was there a rationale for not including the PCL in the analyses?

We have revised the text as follows (Page 14, Lines 321-322):

"\...presented data showing that all three ligaments and the patellar tendon studied\..."

Regarding the PCL, we did not include this tissue in our analysis because of the significant, and sharp, change in angle in the PCL along its length (creating anterior-posterior and superior-inferior sections). Thus, we only compared tissues with a single primary axis.

Lines 290-291: This opening sentence requires citations.

References have been added as follows (Page 14, Line 321):

"\...this work was performed to highlight differences in growth in tissues with similar structure in a single joint (17, 20, 24, 27, 28)."

Lines 389-390: Suggest removing the "...comparisons between body segments and multiple joints" from the key conclusion statement since the study did not present these data.

We have edited the manuscript to exclude this phrase as suggested and the statement now reads as follows (Page 20, Lines 447-448):

"\...increasing our understanding of this phenomenon within comparisons between tissues within a single organ\..."
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